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Abstract 
The tetrahedrite Cu12Sb4S13 has a cubic structure above 100 K and is paid attention as thermoelectric 
materials. At 85 K, a metal-semiconductor phase transition is reported by the electrical resistivity and 
magnetic susceptibility measurements. The origin of the phase transition is not determined yet. To 
investigate the phase transition at 85 K, we measured elastic modulus using an ultrasonic technique on 
polycrystalline samples. The longitudinal modulus shows elastic softening from above 300 K, 
suggesting that there is an instability of the structure or the electronic state. The softening continues 
down to 85 K, and it turns into increase below 85 K accompanied by hysteresis. The phase transition is 
of the first-order. The elastic hardening indicates disappearance of the instability by the phase transition.  
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1 Introduction 
The compounds with the so-called rattling motion, which is the large-amplitude atomic motion of 
the atom, have attracted much attention because their thermal conductivity is very low due to phonon 
scattering [1,2]. These compounds are expected to be thermoelectric materials which effectively convert 
waste heat to electricity. The tetrahedrite compounds Cu12-xTrxSb4S13 (Tr=Mn, Fe, Co, Ni, and Zn) are 
good candidates of thermoelectric materials consisting of mainly environmentally friendly elements 
[3,4]. Cu12-xTrxSb4S13 with a cubic structure (space group I-43m) has two Cu sites [5,6]. The Cu(1) atom 
at the 12d site is accommodated in the tetrahedral structure by four sulfur. The Tr atom is substituted 
for the Cu(1) atom. The Cu(2) atom at the 12e site is inside of the triangle consisting of three sulfur, and 
the rattling motion of the Cu(2) atom perpendicular to the triangle is reported [4,7-9].    
In Cu12Sb4S13 (x = 0), the electrical resistivity shows a metal-like behavior, although other Cu12-
xTrxSb4S13 exhibits a semiconducting behavior. A steep enhancement of the electrical resistivity 
accompanied by hysteresis is observed at TMST = 85 K, suggesting a first-order metal–semiconductor 
transition at TMST [3]. The temperature dependence of the magnetic susceptibility sharply decreases at 
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TMST with decreasing temperature, and its sign changes from positive to negative one. The origin of the 
phase transition is unclear yet. On the other hand, the phonon dispersion curves calculated by using the 
linear response method of the density-functional theory suggest that there are three harmonically 
unstable optical phonon branches near the zone-boundary N and P points [10]. 
In the present paper, we measured elastic modulus on Cu12Sb4S13 in order to investigate the phase 
transition at TMST by using an ultrasonic technique. Since there is no single crystal for ultrasonic 
measurements, we used high density polycrystalline samples in this work.  
2 Experimental 
Polycrystalline Cu12Sb4S13 samples were synthesized using pure elements with the same ratio of Cu : 
Sb : S = 12 : 4 : 13 and were prepared by the hot-press method. Density of samples is higher than 98 %. 
We measured temperature T dependence of the longitudinal elastic modulus CL from 4.2 to 300 K using 
the phase comparison-type pulse echo method. The frequency of ultrasound was 28 MHz. The CL was 
calculated using an equation CL = Uv2 with a room-temperature mass density U = 4.95 g/cm3, where v is 
the sound velocity in a sample. We estimated the absolute value of v by using the relation v = 2l/t, where 
l is the sample length and t is the time interval between pulse echoes. 
3 Results and discussion 
Figure 1 shows the T dependence of the longitudinal elastic modulus CL. The modulus CL decreases 
with decreasing T from above 300 K. Generally, the elastic modulus increases monotonically with 
decreasing T in the compounds without an instability of the structure or the electronic state. We found 
anomalous elastic softening down to TMST, suggesting the instability of the structure or the electronic 
Figure 1: T dependence of the longitudinal elastic modulus CL. The
inset represents the same data in an expanded scale around TMST. 
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state. With further decreasing T, the softening stops at TMST, and then CL exhibits steep elastic hardening 
below TMST. Obvious hysteresis around TMST indicates that the phase transition is of the first-order, as 
shown in the inset of Fig. 1. Since huge ultrasonic attenuation exists around TMST, ultrasonic pulse echoes 
around TMST are unstable. We estimated the absolute value of v at 4.2 and 300 K for the data below TMST 
and above TMST, respectively. The steep elastic hardening reveals that the instability disappears by the 
phase transition. Below 70 K, CL increases monotonically down to 4.2 K.  
Hereafter, we discuss the reason of the softening above TMST. The softening appearing in the wide 
temperatue range from above 300 K suggests a predominant instability maybe due to the structural origin 
or the electronic origin. The T dependence of CL indicates that the softening starts at much higher 
temperature than 300 K, suggesting a fairly strong coupling between an order parameter and a strain. If 
a single-crystalline sample is available, we can measure all elastic moduli in the cubic symmetry and 
determine the specific strain which couples to the order parameter, and then identify the origin of the 
transition. However, in this work, we have no high-quality single crystal which is suitable for the 
ultrasonic measurements. At this stage, we should point out possible origins from the structural and 
electronic viewpoints. At first, from the structural viewpoint, it was reported that the Cu(2) atom at the 
12e site exhibits the rattling motion with an appreciable atomic displacement [4,7-9]. If this motion is 
quenched due to a softening of the restoring force constant and then Cu(2) stops at a position away from 
the 12e site with decreasing T, the crystal symmetry will lower from the cubic. As the electronic origins, 
we point out the Jahn-Teller instability and the degenerate band effect. This compound contains Cu 
atoms which have the Jahn-Teller instability if they are in the Cu2+ ionic state. Since the Jahn-Teller 
Hamiltonian can be written as the bilinear combination of a multipole and a strain, a large elastic 
softening must be observed. It is necessary to examine whether this compound has the Cu2+ ions to 
confirm the Jahn-Teller instability. Recent first-principles electronic-structure calculations reveal that 
there is a 4-fold degenerate band near the Fermi level at the * point [10,11]. If the degenerate band 
couples to a strain and a gap opens by lifting degeneracy with decreasing T, a metal-semiconductor 
transition behavior and an elastic softening may be expected. 
In any case of origins discussed above, the strain plays an important role in the metal-semiconductor 
transition of the tetrahedrite Cu12Sb4S13. We believe that the ultrasonic measurements on the high-
quality single crystals will clarify the phase transition mechanism. 
 
4 Conclusion 
We performed ultrasonic experiments on polycrystalline Cu12Sb4S13 samples. From the T 
dependence of the longitudinal elastic modulus CL from 4.2 to 300 K, the pronounced softening of CL 
was observed between 300 K and TMST for the first time. The elastic softening suggests that the order 
parameter of the metal-semiconductor transition strongly couples to a strain. The T dependence of CL 
around TMST shows the hysteresis, indicating that the transition is of the first-order. 
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